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Due to the increasing demand for lighter materials with enhanced properties, the upgrade of
techniques to improve the production of high-performance composite materials is of great
interest in modern technology. The microstructural and mechanical properties of spark
plasma sintered aluminium based composites with ferrotitanium (TiFe) and silicon carbide
(SiC) reinforcements were investigated. High energy ball milling technique was adopted to
effectively disperse the particles SiC and TiFe reinforcements into the matrix of aluminium,
and the admixed powders were compacted using spark plasma sintering technique. The
specimens sectioned from the sintered compacts were analysed using an X-ray diffractome-
ter  (XRD), optical microscope (OM), and field emission scanning electron microscope (FESEM)
to  understand the microstructural features and phase evolution of the sintered compos-
ites. The mechanical properties of the composites were also investigated through hardness,
nanomechanical and tribology tests. Results from the microstructural examinations con-
ducted shows that the reinforcement particles were evenly dispersed within the aluminium
matrix, as a result of the milling process. Furthermore, all the sintered composites had
their  microstructural features enhanced, but properties such as hardness, frictional coeffi-
cient, and elastic modulus were more enhanced in specimen reinforced with 2%SiC+2%TiFe
particles. The reduced crystallite size recorded by the sintered specimens confirmed theeffectiveness of the milling process, and powder metallurgy route adopted for fabrication.
©  2020 The Author(s). Published by Elsevier B.V. This is an open access article under the
CC  BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).∗ Corresponding author.
E-mail: akinwamidekayode@gmail.com (S.O. Akinwamide).
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reativecommons.org/licenses/by-nc-nd/4.0/).1.  IntroductionThe fabrication of high-performance aluminium based com-
posite materials is required in contemporary technology due
to their improved mechanical, thermal, magnetic, and elec-
n open access article under the CC BY-NC-ND license (http://
 o l . 212138  j m a t e r r e s t e c h n
trical properties [1,2]. Successful design and development of
composite materials with the properties as mentioned above
have been reported to enhance the durability and reliability
of several structures operating under severe conditions in the
automotive, aerospace, and biomedical industries [3].
The particle of silicon carbide has been used as rein-
forcement by various researchers for the fabrication of
aluminum-based composites due to its improved prop-
erties such as resistance to chemical reaction, improved
strength at high temperature, and reduced thermal expan-
sion [4]. The density (2.65–3.2 g/cm3) and melting temperature
(1400−1600 ◦C) of ferrotitanium have made it useful for pro-
ducing military aircraft, and additives for the fabrication of
flux cored wire [5]. The dispersion of ferrotitanium particles
within the matrix of the aluminium is therefore expected to
improve the corrosion and mechanical properties of the result-
ing aluminium based composite.
The even distribution of reinforcement particles within the
matrix of different metals has been achieved with the use of
low and high energy ball milling techniques [6,7]. Mechani-
cal alloying, which involves fracturing, welding, and repeated
deformation of powder particles, have been effectively used
for dispersing carbides, nitrides, silicide, and boride reinforce-
ments within the matrix of aluminium [8]. The challenge of
improper dispersion of reinforcements in the matrix, which
leads to differential densities and flow characteristics dur-
ing sintering [9], can be prevented by extended milling time.
The milled powders are further processed into solid compacts
using either powder or additive manufacturing technology.
Powder metallurgy route has been successfully used for
the fabrication of SiC/Al composites due to the ease of dis-
persion of SiC reinforcement within the aluminium matrix,
in comparison with conventional casting technique [10,11].
The latter method is often faced with challenges that include
poor wettability and large density differences between the
reinforcement matrix particles. Spark plasma sintering tech-
nique involves the consolidation of raw powders in a graphite
die, and fabrication is carried out by a pulse of direct current
and axial pressure [12]. During SPS consolidation, a spark dis-
charge occurs between the powder particle resulting in partial
melting, thus forming a sintering neck that consolidates the
specimen. SPS process minimizes the growth of grains due to
the reduced heating, holding, and cooling times [13]. With the
SPS technique, the densification of components can be con-
trolled, thus controlling the porosity of the final consolidated
composite [14].
Akinwamide et al. [15] investigated on the microstruc-
tural and mechanical properties of stir cast aluminium matrix
composite reinforced with ferrotitanium and silicon carbide
particles. The addition of the reinforcement particles was
observed to improve the microstructural and mechanical
properties (tensile, hardness, and tribology) of the fabricated
composites. Also, Dhas et al. [16] studied the effect of sili-
con carbide, tungsten carbide, and graphite addition on the
microstructural and mechanical properties of fabricated alu-
minium based composites. Results from this study showed
that the reinforced composites recorded improved microstruc-
tural features. Still, a decreased tensile and impact strength of
the reinforced composites were also reported upon the addi-
tion of silicon carbide particles. The mechanical properties 0 2 0;9(6):12137–12148
of the silicon carbide reinforced aluminium based composite
was, however, improved upon the further addition of tung-
sten carbide and graphite particles. The decreased strength
observed in the composite with silicon carbide particles was
ascribed to the presence of brittle intermetallic phases in
the composite. Shaikah et al. [17] studied the microstructural
and tribological performance of rice husk ash, and silicon
carbide reinforced aluminium matrix composites, processed
using powder metallurgy route. The XRD analysis of the rein-
forced composites showed that the absence of an undesirable
reaction between the silicon carbide and rice husk ash rein-
forcements led to an improvement in the frictional coefficient
of the composites.
The dispersion of silicon carbide particles within the
matrix of aluminium has been reported to produce composites
with enhanced microstructural and mechanical properties.
However, the excess addition of silicon carbide reinforcement
resulted in the formation of an unstable aluminium carbide
(Al4C3) compound, which decreases the mechanical proper-
ties of the composite [18,19]. The addition of ferrotitanium
particles as a third phase is expected to improve the overall
properties of the resulting aluminium-based composite, due
to its enhanced properties, which include improved strength
and excellent corrosion resistance [20]. Furthermore, the high
cost and limited supply of silicon carbide have been reported
to be a major challenge in the fabrication of aluminium-based
composites [21,22]. The combination of ferrotitanium and sil-
icon carbide reinforcement is therefore expected to produce
a cost-effective aluminium based composite, which will find
extensive usage in different industries for the fabrication of
several engineering components.
However, several other studies have shown that the over-
all properties of silicon carbide reinforced aluminium based
composites can be further improved through the addition
of a second phase reinforcement particle [23–25]. Therefore,
the effect of silicon carbide and ferrotitanium addition on
the microstructural evolution and mechanical properties of
spark plasma sintered aluminium matrix composites is inves-
tigated.
2.  Materials  and  methods
2.1.  Materials
Pure aluminium powder (APS 25 m:  purity 99.8%) supplied by
TLS Technik GmbH, and silicon carbide (APS: 7 m)  in addition
to ferrotitanium (APS: 176 m)  powders supplied by indus-
trial analytical limited, South Africa were used as the starting
powders. The chemical composition of the silicon carbide and
ferrotitanium powders are presented in Tables 1 and 2, respec-
tively.
2.2.  Methods
Pure aluminium powder and varying of SiC and TiFe powders
proportions (2 vol.% SiC, 2 vol.% TiFe, 2 vol.% SiC + 2 vol.% TiFe
and 5 vol.% SiC + 5 vol.% TiFe) were weighed and milled using a
high energy ball milling machine (HEBM) for a duration of 12 h
at a rotating speed of 150 rpm. A ball to powder ratio of 5:1
j m a t e r r e s t e c h n o l . 2 0 2 0;9(6):12137–12148 12139
Table 1 – Elemental composition of silicon carbide powder (wt.%).
Elemental Al Fe Ba Ca K Mg Na Ni S Si Ti
% Composition 0.21 0.23 0.05 0.04 0.04 0.01 0.07 0.01 0.03 99.21 0.02
Table 2 – Elemental composition of ferrotitanium powder (wt.%).
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as used, and the milling machine was set to mill for 10 min
nd rest for an additional 10 min. with reversed rotation. This
as done to prevent overheating of the charged powders due
o excessive impact and frictional forces generated from the
all-powder interaction. Stearic acid weighed at 1% was fur-
her added as a control agent to prevent cold welding between
he milling balls and powders. The milled powders were con-
olidated using spark plasma sintering technique. The milled
owders were loaded into a graphite die with an inner diam-
ter of 20 mm.  A sheet of graphite foil was placed between
he die and the powder to allow uniform current flow in the
owder and to prevent contamination of sintered compacts.
intering was carried out using a heating rate of 50 ◦C/min and
olding time of 5 min, while the heating pressure and temper-
ture were maintained at 50 MPa and 550 ◦C respectively. The
intered specimens were ground using a dual-wheel grinder
rom 320−1200 grits of silicon carbide paper. This was followed
y polishing using Aka Moran, Aka Daran, and Aka Chemal
iscs with 9 microns, 3 microns suspensions, and fumed sil-
ca respectively till a mirror-like surface was obtained. The
einforced specimens were etched with Kellers reagent. In
ontrast, the pure aluminium specimen was etched in an
tchant prepared by mixing 3 mL  HF +100 mL  distilled water
ccording to ASTM E407-07 to obtain a clear microstruc-
ural detail. The morphology of the starting powders and
intered compacts was examined using a Zeiss Axioscope
ptical microscope and a ZEISS SIGMA VP Field Emission Scan-
ing Electron Microscope (FE-SEM). XRD analysis of specimens
round to 800 grits of silicon carbide paper was investigated
sing rays from a PW 1710 Philips diffractometer, equipped
ith monochromatic Cu-K radiation at 40 kV and 20 mA.  The
nalysis of phases present in the sintered specimens was
etermined using X’pert Highscore Software. A load of 200 g
ith a dwell time of 10 s was used for assessing the hardness
roperty of the specimens on a Falcon 507 Innovatest hard-
ess tester. An average of five indentations taken at different
hases of the specimens was recorded as the final hardness
alue of the specimen. The frictional coefficient of the sin-
ered specimens was examined using Anton Paar pin on disc
ribometer in a dry condition. The experiment was conducted
ith a fixed load of 5 N, and a motor speed of 100 rev/min
linear speed =9.50 cm/s). A stainless-steel ball with a surface
oughness of 15 nm was used as the counterface material.
he nanohardness and modulus of elasticity of the specimens
ere assessed using a UNHT3 HTV Anton Paar Ultra nanoin-
enter equipped with Berkovich high precision diamond
ndenter. All measurements were carried out using a load of
0 mN at a loading/unloading rate of 60 mN/min, with a con-
act force and acquisition rates of 5 mN and 10 Hz, respectively.Fe Cu Mo Mg Si Ti
56.55 0.01 0.06 0.09 0.56 41.67
3.  Results  and  discussion
3.1.  Characterization  of  the  starting  powders
The X-ray diffraction patterns of silicon carbide powder
contain a mixture of several crystallites. However, patterns
generated consists of various concentric rings with different
scattering angles. The diffraction pattern of silicon carbide is
presented in Fig. 1a. The positions of diffraction peaks with
their respective h k l miller indices, however, indicate a hexag-
onal -SiC (6H -SiC) polytype [26]. The silicon carbide phase is
identified as the only dominant phase present in the powder.
Likewise, the presence of TiFe and FeTi phases in ferrotita-
nium powder, as shown in Fig. 1b resulted from the absence
of other alloying elements. The miller indices present from
the analysis of ferrotitanium particles are presented as (1 0
0), (1 0 3), (1 0 2), (1 0 5), (1 1 0), (1 0 7), (1 1 2), (1 2 0), (2 0 1),
(2 0 0) and (2 2 1). Fig. 1c shows the free surface of spherically
shaped pure aluminium particles with broad size distribution.
The small satellite shaped particles are seen to be attached to
the bigger ones in the microstructure. Presented in Fig. 1d is
the SEM morphology of SiC particles, which shows a polyhy-
dric, irregular, and sharp-edged structure. The irregular shape,
however, resulted from grinding and breaking of larger crystals
of silicon carbide particles, which contains silicon and carbon
atoms as a single unit [27,28]. However, the improved strength
possessed by TiFe, which shows a rock-like shape in Fig. 1e can
be ascribed to its high iron content (54.9 wt.%) [29]. Contrary to
the traditional casting method of fabricating aluminium based
composites, powder metallurgy route allows the incorporation
of reinforcement particles into a metal matrix without any
segregation in milled powders [30].
3.2.  Optical  micrographs
Fig. 2 shows the optical micrographs of the pure aluminium
and reinforced aluminium based sintered compacts. The
presence of equiaxed grains is evident in the pure sintered
specimen, as shown in Fig. 2a. The dark phase visible in
Fig. 2b shows the dispersion of TiFe in the composite, while
the lighter phase shows the aluminium matrix. The even
dispersion of spherical SiC and TiFe reinforcement particles
is observed in the micrographs represented in Fig. 2c and
2d. Also, Fig. 3 presents the plot of values for the average
grain size of the specimens as analysed using the intercept
method, according to ASTM E 112-12 standard on Olympus
Stream Micro-Imaging Software. The plot further reveals that
the addition of silicon carbide and ferrotitanium resulted in
grain refinement of the aluminium matrix, as pure aluminium
12140  j m a t e r r e s t e c h n o l . 2 0 2 0;9(6):12137–12148
Fig. 1 – XRD analysis of (a) silicon carbide (b) ferrotitanium and FESEM morphology of (c) pure aluminium (d) silicon carbide
(e) ferrotitanium powders.
recorded the highest average grain size value of 3.46 m,  while
the least average grain size value of 1.48 m is seen in the
specimen reinforced with 2% SiC + 2% TiFe particles. The
reduction in grain size observed in the composites is as a result
of dynamic recrystallization of grains, and pinning effect of
SiC and TiFe particles at the grain boundaries, which hinders
the growth of grains during sintering [31]. A similar result
was reported in a study by Zeng et al. [32]. However, a slight
increase in grain size is also observed in the composite rein-
forced with 5% SiC + 5% TiFe particles. The increase in the
proportion of reinforcements resulted in an agglomeration
of particles, thereby reducing the number of pining points
along the grain boundaries [33,34]. According to the Hall-Petch
behaviour, a decrease in the grain size of a composite will lead
to grain refinement, which further improves its mechanical
properties [35]. This can promote the usage of aluminium-
based composites for several applications in the engineering
industries.3.3.  SEM  micrographs
The microstructural details of sintered specimens, as revealed
by SEM analysis, are shown in Fig. 4. A homogeneous dis-
persion of irregularly shaped particles of TiFe in the pure
aluminium matrix is evident in Fig. 4a. from Fig. 4b, the
absence of pores and cracks in the microstructure is an indi-
cation of flawless bonding between the SiC reinforcement
particles and pure aluminium matrix. The micrograph of spec-
imen reinforced with 2% SiC + 2% TiFe particles is presented
in Fig. 4c. The improvement observed in the microstructural
feature of the specimen can be ascribed to good interfacial
bonding, which exists between the aluminium matrix and
the reinforcing particles. The excellent bonding and clear
interface are as a result of particulates formation during the
sintering process [36]. An increase in the proportion of dis-
persed SiC and TiFe reinforcements (5% SiC + 5% TiFe) in
Fig. 4d shows the agglomeration of reinforcement particles
j m a t e r r e s t e c h n o l . 2 0 2 0;9(6):12137–12148 12141
Fig. 2 – Optical micrographs of (a) pure aluminium (b) Al + 2%
Fig. 3 – Plot of average grain sizes for as-sintered pure
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to the melting temperature of aluminium [43,44]. The latticeluminium and composites.
nd the formation of pores and clusters. The presence of pores
n reinforced sintered compacts can reduce the mechanical
roperties of the composites [37]. Pores are formed as a result
f different diffusion rates exhibited by the aluminium matrix
nd reinforcement particles during the sintering process. The
pecimens are sintered at a temperature which is enough
o melt the aluminium particles [38]. The liquid aluminium
eacts with the reinforcement particles, thereby releasing a
arge amount of exothermic heat [39]. This intense reaction, TiFe (c) Al + 2% SiC + 2% TiFe (d) Al + 5% SiC +5% TiFe.
which occurs within a short time, leads to the formation of
pores at the sites, which were initially occupied by aluminium
particles. The formed pores also coalescence into bigger sizes,
which prevents proper densification of the sintered compacts
[40].
3.4.  XRD  analysis
The XRD analysis of sintered pure aluminium and reinforced
composites is presented in Fig. 5. The phases of pure alu-
minium and reinforced composites, which are identified at 2
values of 38◦, 44◦, 65◦, 78◦, and 82◦ are formed at miller indices
of (111), (200) (220), (311) and (222) respectively. The phases
formed at these peaks confirm the cubic arrangement and
polycrystalline nature of the particles present in the sintered
specimens. A slight decrease observed in the intensity of rein-
forced composites is ascribed to the formation of new phases,
which include Ti5Si3, Al3Ti, and FeSiAl, as confirmed in the
X’pert Highscore analysis. Further study shows that the slight
shift in the diffraction peaks can also be as a result of Bragg
peak [41], which shows that the diffraction geometry is a func-
tion of the crystal lattice geometry. A similar observation was
reported in a study by Sharma et al. [42]. Further, the forma-
tion of Al4C3 compound in specimens with SiC reinforcements
is as a result of the reaction between aluminium and carbon
during sintering at a temperature of 550 ◦C, which is closestrain and crystallite size of the specimens were estimated
using the Williamson-Hall method. The pure aluminium spec-
imen recorded the least crystallite size of 313.44 Å, as shown
12142  j m a t e r r e s t e c h n o l . 2 0 2 0;9(6):12137–12148
Fig. 4 – SEM micrographs of pure aluminium reinforced with (
Table 3 – Crystallite size and lattice strain for sintered
pure aluminium and composites.
Specimen Crystallite size (Å) Lattice strain (%)
Pure Al 313.44 0.04
Al+2%SiC 284.34 0.07
Al+2%TiFe 247.74 0.11
Al+2%SiC+2%TiFe 236.58 0.08
Al+5%SiC+5%TiFe 249.53 0.11in Table 3. A decrease in crystallite size value was observed
with an increase in the proportion of added reinforcements
in sintered composites. The deceased value recorded in the
Fig. 5 – XRD analysis of sintered pure aluminium and
reinforced composites.a) 2% SiC (b) 2% TiFe (c) 2%SiC+2%TiFe (d) 5% SiC+5%TiFe.
composites could be as a result of the milling process used
to achieve effective dispersion of the reinforcements within
the aluminium matrix. The crystallite size recorded in this
study is in correlation with a recent investigation by Samuel
et al. [45], where silicon carbide and ferrotitanium reinforced
aluminium based composites were fabricated using the con-
ventional casting technique. The crystallite size of specimens
from this study was, however, observed to be reduced, and
this confirms the efficiency of the sintering temperature [46].
The lattice strain values which is a measure of lattice con-
stant distribution in a material [47] was observed to be slightly
increased in the reinforced composites as compared to pure
aluminium, with the highest lattice strain value of 0.11%
recorded in specimens reinforced with 2% TiFe and 5% SiC+5%
TiFe particles. This shows there are reduced lattice dislocation
and crystal imperfection in the sintered specimens. The lattice
strain of a composite can be reduced to the barest minimum
if subjected to heat treatment [48].
3.5.  Relative  density
The relative density values of the as-sintered pure aluminium
and composites follow a sinusoidal trend, as shown in Fig. 6.
From the plot, the relative density of the specimens was seen
to be within the range of 97.33–99.7%. The difference in the
relative density values can be attributed to incomplete diffu-
sion of the reinforcement particles within the pure aluminium
matrix. The highest densification displayed by the pure alu-
minium specimen shows that it contains a reduced number
of porosities. Conversely, a decline in relative density was
j m a t e r r e s t e c h n o l . 2 0 2 0;9(6):12137–12148 12143
Fig. 6 – Relative density of as-sintered pure aluminium and
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Fig. 7 – Microhardness plot with error bars for sintered pureomposites.
bserved upon the addition of reinforcements, as the speci-
ens reinforced with 2% TiFe and 2% SiC recorded the lowest
ensity values of 97.33 and 97.72%, respectively. The decreased
ensity values are as a result of the agglomeration of silicon
arbide and ferrotitanium particles during sintering. These
einforcements are denser than the aluminium matrix due to
heir higher melting point during the sintering process [49].
urthermore, the higher hardness property of the silicon car-
ide and ferrotitanium particles results in less compaction of
he sintered composites, thereby affecting the density of the
intered compacts. A study by Lin et al. [50] shows that an
ncrease in the particle sizes of the reinforcement particles
ould result in higher densification through adequate com-
action of powder particles during sintering. The enhanced
ensification observed in the composite with 2% SiC + 2% TiFe
s as a result of the higher compressibility of the reinforce-
ent and aluminium matrix particles [51]. A similar result
as reported in a recent study by Nayak et al. [52].
.6.  Microhardness
ig. 7 presents the plot for microhardness values of pure
luminium and reinforced composites, and the least hard-
ess value of 36 HV was recorded by pure aluminium. The
ardness values were observed to increase in all sintered rein-
orced composites reinforced with any, or combination of SiC
nd TiFe particles. The enhancement in hardness property of
he composites can be ascribed to good bonding, which pro-
otes the load transfer mechanism between the aluminium
atrix and the added reinforcements, as shown previously
n the optical and SEM micrographs. However, the highest
ardness value of 76 HV was recorded by the specimen with
% SiC+2% TiFe reinforcement. Furthermore, the addition of
ard material such as SiC to the matrix of aluminium has
een experimentally proven to yield an improved density and
nhanced hardness due to the general properties of the SiC
articles [53]. The wetting angle between the reinforcement
nd matrix, and the type of interface which exists betweenaluminium and composites.
them, determine the hardness property of the sintered com-
posite.
The effect of the intermetallic phase and free solute con-
centration affects the hardness value of specimens. The
improved hardness observed in specimens with TiFe rein-
forcement is attributed to the presence of free titanium
concentration, which promotes the formation of hard and brit-
tle intermetallic Al3Ti phase. Further observation shows that
the hardness values of specimens with ferrotitanium rein-
forcement are observed to be slightly lower than specimens
that contain SiC particles. This can be a result of the carbide
(Al4C3) formed during the sintering process, as previously dis-
cussed. A slight decrease observed in the hardness value of the
specimen with 5% SiC + 5% TiFe reinforcements in compari-
son with other composites can be attributed to inhomogeneity
between the increased silicon carbide and ferrotitanium par-
ticles. A study by Tokariev et al. [54] has shown that the
hardness property of aluminium-based composites is reduced
as a result of grain enlargement when the composition of the
reinforcement particles is increased.
3.7.  Frictional  coefficient
The generation of heat between the sintered specimens and
stainless steel counterface ball under the load of 5 N is pre-
sented in a frictional coefficient plot shown in Fig. 8. It is
noteworthy that the coefficient of friction of a specimen is
dependent on the formation of layers/oxide films between
the counterface and the specimen during sliding. These tribo
induced layers play an important role in reducing the wear
and friction between the contacting surfaces [55]. When the
hardness of the layer exceeds the hardness of the specimen,
the surface of the specimen is lubricated and protected [56].
A study by Laden et al. [57] shows that the breaking of the
oxide film is affected by several operating conditions, which
in turn affects the friction coefficient of the specimen. The
least frictional coefficient is seen in the specimen with 2%
12144  j m a t e r r e s t e c h n o l . 2
Fig. 8 – Frictional coefficient plot for pure aluminium and
decrease in the wear track width observed in the specimenreinforced composites.
SiC reinforcement, while pure aluminium and composite with
2% SiC + 2% TiFe recorded the highest frictional coefficient.
The decreased frictional coefficient observed in the speci-
men  with 2%SiC is a result of proper lubrication due to the
formation of oxide layers. This leads to a reduction in the
heat generated between the specimen and the stainless steel
counterface. This is in good agreement with a report given
by Xavier and Suresh [58]. However, a high degree of fluctu-
ation was observed in specimens reinforced with 5% SiC +
5% TiFe particles in the first 200 s, after which a steady trend
Fig. 9 – SEM micrographs of (a) pure aluminiu 0 2 0;9(6):12137–12148
was seen until the end of the experiment. This behaviour can
be attributed to the removal of the reinforcement particles
present in the specimen. A similar occurrence is evident in
the reinforced composites, but the fluctuations only became
steady towards the end of the experiment. The trend visible in
the pure aluminium specimen is entirely different, as the fric-
tional coefficient recorded a steady plot from start to the end
of the test. The fluctuations further observed in the reinforced
composites is as a result of the opposition to free sliding of the
stainless steel counterface offered by the reinforcing particles.
The presence of these particles leads to a reduction in adhe-
sive forces generated between the counterface and specimen
surface [59]. Moreover, the addition of ferrotitanium and sil-
icon carbide reinforcements to the matrix of aluminium can
assist in the formation of a protective layer on the surface of
the resulting composite, thereby reducing the metal to metal
interaction during sliding [60]. The increased frictional coef-
ficient observed in pure sintered aluminium is as a result of
free sliding of the counterface ball over the specimen, which
leads to the rapid generation of heat.
Fig. 9 shows the SEM micrographs of the worn surfaces of
pure aluminium and composites. From Fig. 9a, the grooves
seen on the worn surface of pure aluminium indicates the
effect of rapid abrasive wear on the specimen. Conversely, thewith 2% SiC reinforcement in Fig. 9b is a result of the decline
in the degree of plastic deformation of the composite [61]. The
reinforcement addition reduces the contact between the coun-
m (b) Al +2% SiC (c) Al + 5% SiC + 5% TiFe.
j m a t e r r e s t e c h n o l . 2 0 2 0
Fig. 10 – Position of the indenter over the specimen surface
during the nanoindentation test of composite with 2% SiC +
2% TiFe reinforcements.
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elastic modulus of 105.36 GPa was recorded by specimen rein-
forced with 2% SiC+2%TiFe particles, while the least elasticerface and specimen surface by acting as load barriers. The
etachment of the reinforcing particles from the surface of the
pecimen resulted from ball frictions, which led to adhesive
ear of the Al-Si layers [62]. However, the formation of chip-
ings that are visible over the surface of composite with 5%
iC + 5% TiFe reinforcements (Fig. 9b) can be ascribed to the
lowing of worn debris generated on the specimen surface. It
hould be noted that the dispersion of high proportion of rein-
orcement particles within the aluminium matrix can result in
he formation of cracks, which in turn reduces the resistance
ffered by the reinforcement particles during wear [63].
.8.  Nanohardness  and  Elastic  modulus
he indentation made by the indenter on the specimen rein-
orced with 2% SiC + 2% TiFe reinforcements is shown in Fig. 10.
he nanohardness and reduced modulus of sintered speci-
ens are calculated according to Eq. 1 and 2, respectively [20]. = Fmax
PA
(1)
Fig. 11 – (a) Nanohardness and (b) Modulus o;9(6):12137–12148 12145
Where H = Nanohardness, Fmax = Maximum force applied, PA
= Projected contact area between the specimen and indenter
and
1
Rm
= 1 − V
2
i
Ei
+ 1 − V
2
s
Es
(2)
Where Rm = Reduced modulus, Ei = Elastic modulus of the
indenter, Es = Elastic modulus of specimen, Vi = Poisson ratio
of the indenter, and Vs = Poisson ratio of specimen.
Fig. 11 shows the plots of the nanohardness and elastic
modulus the sintered specimens. From Fig. 11a, it is evi-
dent that the nanohardness property of pure aluminium
is improved upon the addition of reinforcements, as the
nanohardness value of pure aluminium increased from
3255 MPa to 5360 MPa and 6104 MPa upon the respective
addition of 2% SiC and 2% TiFe particles. The enhanced
nanohardness property of the specimen reinforced with 2%
TiFe is as a result of efficient load transfer between the matrix
and reinforcement phases [64]. However, a slight variation
is observed between the nanohardness and microhardness
values recorded by the specimens. During nanoindentation
measurements, indents are made at the centre of the grains,
and the nanohardness value is evaluated from the maximum
area of indent, and maximum force applied [65]. Conversely,
the indented area on the specimen is only considered after
indentation during microhardness measurement. This often
results in less accurate results due to the elastic recovery of
the specimen undergoes after indentation [66]. The increased
nanohardness between pure aluminium and the composites,
further confirms the load transfer mechanism between the
reinforcement particles and the aluminium matrix during
indentation. This is in accordance with a recent investigation
by Zhao et al. [67].
The stiffness of the specimens was examined by evaluat-
ing the elastic modulus, and the results are shown in Fig. 11b.
The incorporation of SiC and TiFe reinforcements is seen to
enhance the elastic modulus of the composites. The highestmodulus value of 68.87 GPa was recorded by pure aluminium.
This is a confirmation that the addition of SiC and TiFe rein-
f elasticity plots for sintered specimens.
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forcements impedes dislocation movement  during the test
[68].
4.  Conclusion
The fabrication and characterization of ferrotitanium and sil-
icon carbide reinforced aluminium based composites were
investigated, and the following summary were drawn.
• The high energy ball milling technique was confirmed to be
efficient as particles of SiC, and TiFe reinforcements were
seen in optical and SEM micrographs to be effectively dis-
persed within the aluminium matrix.
• XRD analysis of sintered specimens carried out using X’pert
Highscore software confirmed the formation of new phases.
• The crystallite size and lattice strains evaluated using the
Williamson-Hall method showed an improvement in prop-
erties of the sintered composites as a decrease in the
crystallite size values was observed in reinforced com-
posites. The minimal values of lattice strain showed the
efficiency of sintering route adopted for fabrication, as crys-
tal distortion and imperfection is reduced in the reinforced
composites
• The improved hardness property recorded by the reinforced
composites was ascribed to excellent bonding and load
transfer mechanism which exists between the aluminium
matrix and reinforcements
• The frictional coefficient plot confirmed the opposition
offered by the presence of SiC and TiFe reinforcements par-
ticles to free sliding of the stainless steel counterface ball
over the surface of the composites.
• The Nanohardness and the elastic modulus of sintered
composited were enhanced upon the incorporation of SiC
and TiFe reinforcements into the pure aluminium matrix.
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